Heat pump assisted distillation (HPAD) system and self-heat recuperation technology (SHRT) have been developed as a result of intensive research to reduce energy consumption of a conventional distillation system. To determine a suitable system for natural gas liquid (NGL) fractionation trains, rigorous analysis and comparative study of several HPAD and SHRT options for the retrofitting of a single column were studied in the present work. The retrofit options considered were vapor compression (VC), mechanical vapor recompression (MVR), thermal vapor recompression (TVR), bottom flashing (BF), side heat exchanger (SHE), intermediate heating and cooling (IHC), self-heat recuperative (SHR) and modified self-heat recuperative (MSHR) distillation. A depropanizer column commonly used in typical NGL plant was selected as a case study. Aspen HYSYS V7.3 was initially used to simulate the eight selected retrofit designs under common sets of criteria. The data from the simulation was then analyzed to determine the best design in term of energy cost reduction. The analysis shows that the MVR gives the highest energy cost reduction of 68.11% as compared to that of the base case (BC) conventional column. It is followed by VC (66
Introduction
Distillation is the most widely used thermal separation technology in various industrial operations. In United States, there are about 40,000 distillation columns in operation which handle more than 90% of separations and [1] . Despite the fact that the conventional distillation system often consumes the largest portion of energy in process plants, the distillation has remained widely used in industries. The distillation accounts for an estimated 3% of the total world energy consumption [2] and uses up more than 50% of the plant operating cost [3] . Moreover, increasing energy costs and demands as well as growing concern on the environmental issues due to greenhouse gas emissions have become the major drives toward the development of various energy efficient and cost-effective technologies. Among the most promising innovative distillation techniques, heat pump assisted distillation (HPAD) systems have been commonly accepted techniques for continuous flow distillation columns. The conventional distillation process has a relatively low thermodynamic efficiency [4] as heat supplied to the reboiler is discarded at a lower temperature in the condenser. The heat pump cycle introduced to the conventional distillation system can save energy as the latent heat discharged in the condenser is re-circulated, upgraded and reused for evaporation in the reboiler [5] . In the HPAD, a compressor and an expansion valve are used to alter the condensing or boiling temperature by compressing the vapor stream or flashing the liquid stream leaving the distillation column [6] .
Nomenclature

BC
Besides HPAD systems, Kansha et al. [7] proposed a retrofitting of self-heat recuperation technology (SHRT) to the conventional distillation system as to achieve further energy saving. Instead of considering only the heat recovery duty as in the HPAD systems, the SHRT utilizes both latent and sensible heats in the distillation process without any external heat addition by using compressor(s) and self-heat exchangers based on exergy recuperation. In other words, the reboiler in the SHRT distillation system employs latent heat whereas a feed heater employs both latent and sensible heats [8] [9] [10] .
The objective of the current work is to analyze and compare several heat pump systems and self-heat recuperation technology with the conventional column in terms of energy savings for a depropanizer unit from a typical natural gas liquid (NGL) process plant. The analysis is performed based on steady state simulation and economic evaluation. The configurations considered in this paper are VC, MVR, TVR, BF, SHE, IHC, SHR, and MSHR distillation.
Simulation of the distillation
The depropanizer unit and its advanced distillation configurations were initially developed and simulated by the simulator Aspen HYSYS V7.3. The Peng Robinson property package was used as the equation of state to predict the vapor-liquid equilibrium of the developed models as it can support the widest range of operating conditions, especially for light hydrocarbon mixtures [11] . For the advanced distillations systems, the compressor(s) or steam ejector were implemented to promote the energy content of the streams. All the compressors simulated were assumed to have an adiabatic efficiency of 75%. For the heat exchange process, a minimum temperature approach of 5 o C and a pressure drop of 0.34 bar (5 psi) were applied to all the heat exchangers [12, 13] .
Conventional distillation system
A depropanizer of a natural gas processing plant in Malaysia was chosen as the case study. Fig. 1 shows the HYSYS flow diagram of the conventional distillation configuration. In this study, this conventional arrangement was used as the benchmark for comparison with the alternative techniques. The base case (BC) model was developed in Aspen HYSYS as it was in existing plant. The feedstock to the depropanizer unit is the bottom product of a deethanizer in the natural gas plant. In the column, the propane is removed as the distillate and the remaining light hydrocarbons end as the bottom product. Table 1 lists the feed composition, temperature and pressure of the depropanizer whereas the column operating conditions and the product specifications are presented in Table 2 . From the simulation, the molar flow rates for the top and bottom product stream respectively were 531.6 kmol/h and 358.8 kmol/h. The feed conditions, column and product specifications were maintained in all cases considered. 
Vapor compression (VC)
VC, also known as a closed cycle heat pump, works between the condenser and reboiler using a refrigerant [14] . Fig. 2(a) shows the HYSYS flow diagram of VC. In this study, propylene (R-1270) was chosen as the refrigerant [9] . In the refrigeration cycle, the refrigerant is first evaporated in condenser HX-100, through heat exchange process with the overhead product. The vaporized refrigerant is then compressed by compressor K-100 and condensed in reboiler HX-101 before expanding back to a lower saturation temperature. The partially condensed refrigerant stream requires further cooling before being recycled to condenser HX-100. Two adjust units have been used: one is applied at condenser HX-100 to calculate the molar flow of the refrigerant required whereas the other one is used to calculate the pressure of the compressor outlet.
Mechanical vapor recompression (MVR)
The HYSYS flow diagram for MVR is illustrated in Fig. 2(b) . MVR or open cycle heat pump is the simplest and most popular heat pump application in the distillation system [6] . Initially, the distillate is compressed by K-100 to raise its temperature. An adjust unit was used to calculate the pressure of the compressor outlet to achieve a minimum temperature approach of 5 o C in heat exchanger HX-100. Then, the hot compressed stream is travelled through HX-100 to exchange the heat with the bottom product stream. In HX-100, the compressed stream is condensed to supply the heat to boil the bottom product. The condensed stream is expanded to the column top pressure and further cooled to its saturation temperature before being recycled to the column top or separated out as the top product. For the vaporized stream, it is later recycled back to the bottom of the column.
Thermal vapor recompression (TVR)
TVR, as shown in Fig. 2(c) , has a similar configuration with MVR, where the distillate is compressed to utilize its latent heat for heat exchange with the bottom product from the column. However, in the TVR, the compressor in the MVR is replaced by a steam ejector as the means of compression through the application of the Venturi effect [5] . The steam is supplied to the ejector as a saturated vapour at the pressure of 41 barg [13] . The amount of the steam required by the steam ejector is calculated by an adjust unit to achieve the minimum temperature approach of 5 o C in HX-100. In HX-100, the heat energy supplied by the compressed stream is used to boil the bottom product stream before it recycles back to the column. Then, the partially condensed stream is further cooled by HX-101 and cooler C-100 to its saturation temperature. Subsequently, the water is segregated from the propane in the separator V-100. The separated propane stream is later split into final product and reflux streams. 
Bottom flashing (BF)
BF, as illustrated in Fig. 2(d) , is an open system which employs the bottom product as the refrigerant [14] . From Fig. 2(d) , it can be seen that the bottom product withdrawn from the column is divided into final bottom product and recycled streams. Before recycled back to the column, the stream is expanded to a pressure corresponding to a saturation temperature of the distillate. The pressure of the valve outlet is altered by an adjust unit to achieve a minimum temperature approach of 5 o C in HX-100. Through heat exchange with the top product stream in HX-100, it is then vaporized and compressed by a compressor to the column pressure. On the other hand, the partially condensed top product is further cooled before separated as the final top product and recycled streams. Fig. 2(e) shows the HYSYS flow diagram for SHE. In this configuration, an intermediate heat exchanger is incorporated to the system. The top product from the column is compressed and condensed across heat exchanger HX-100. The pressure of the compressor outlet is adjusted to obtain the required minimum temperature approach in heat exchanger HX-100. The condensed stream is later expanded to the column pressure and separated as final top product and reflux. The reflux stream is then recycled back to the column. Simultaneously, at heat exchanger HX-100, the intermediate side stream liquid extracted from the column at tray 48 is reboiled and returned to the column at tray 48. The flow rate of the stream was assumed to be 1000 kmol/h.
Side heat exchanger (SHE)
Intermediate heating and cooling (IHC)
The flow diagram for IHC is shown in Fig. 2(f) . For the IHC configuration, the intermediate heat pump and optimal side stream return concepts are both implemented in the distillation system. From Fig. 2(f) , it can be clearly observed that the condenser and the reboiler for the conventional system are maintained. Instead of having the heat exchange process involving distillate or bottom product or both like the other configurations, this configuration incorporates the heat pump system to the column through intermediate streams. First, the vapor stream, with assumed flow rate of 1000 kmol/h, is withdrawn from the rectifying section of the column at stage 25. It is then compressed and condensed in HX-100 before reverting back to the column at the same stage. At the same time, the liquid stream with a flow rate of 600 kmol/h is removed from the stripping section at stage 48, evaporated in HX-100, and finally returned to the column at stage 48.
Self-heat recuperative (SHR)
SHR is a distillation alternative proposed by Kansha et al. [15] . The SHR configuration as seen in Fig. 2(g) is different from the one presented by Long and Lee [9] as the model is developed considering the heating or cooling potential of the streams or components. First, the feed stream is preheated through heat exchange process with the compressed top product in HX-101 before it is charged to the column. For the distillation module, the distillate stream from the column is divided into top product and reflux streams. The top product stream is compressed to preheat the feed stream in HX-101. Then, it is expanded and cooled to its saturation temperature. For the reflux stream, it is compressed to reboil the bottom product before recycled back to the column. The condensed stream from HX-100 is later expanded, further cooled and returned to the column. The pressures of the compressors' outlet streams are adjusted to achieve minimum approach of 5 o C in the corresponding heat exchangers.
Modified self-heat recuperative (MSHR)
MSHR, as presented in Fig. 2(h) , is an advanced form of SHR. In this configuration, only one compressor (K-100) is required. The compressor is installed at the top product stream to compress the overhead vapor from the column. The compressed vapor is then condensed in HX-100. The pressure of the compressor outlet is adjusted by an adjust unit to fulfill the minimum temperature approach of 5 o C in HX-100. After that, the condensed stream is travelled across HX-101 to supply the heat to preheat the feed stream. Then, the pressure of the stream is adjusted to the column pressure by valve VLV-100 while its temperature is adjusted to its saturation temperature by C-100 before separated as distillate and reflux.
Results and discussions
The operating cost was determined based on the energy consumption of the condenser, reboiler, cooler, and the compressor obtained from the HYSYS simulation. The annual operating cost of each configuration was evaluated as the sum of the cost for the cooling water, steam and electricity. The percentage energy savings of all the alternatives were calculated using the operating cost of the BC as the basis. The costs of the utilities, including cooling water, steam, and electricity, are given in Table 3 [16] . Table 4 and Table 5 present the energy duty and operating cost evaluations for the BC and alternative configurations. The total required reboiler duty and condenser duty for the BC configuration are 4.88 MW and 5.87 MW, respectively. These values are used as the basis of comparison with other configurations in this study.
From Table 4 , it can be seen that the cooling duty for all the retrofit options are lower than the BC except for the TVR. The cooling duty for the TVR is 10.56% higher than the BC. This is because the compressed pressure required in TVR is generated by mixing the input steam with the distillate. Therefore, after accomplishing its purpose to reboil the bottom product stream from the column, the amount of the vapor required to be condensed and further cooled is considerably higher than any of the proposed configurations. As a result, more cooling water is required to condense and cool the stream. Among the alternatives, MVR gives the least cooling energy requirement, i.e. 3.80 MW with energy saving of 35.26%. It is then followed by VC (3.95 MW), MSHR (4.22 MW), BF (4.37 MW), SHE (4.62 MW), SHR (5.07 MW), and IHC (5.34 MW).
Also, the heating duty for various distillation arrangements is shown in Table 4 . The heating duty discussed here only takes into account the steam as the heat supply. In other words, the electrical power of the compressor(s) is not considered in determining the heating duty although the compressor(s) also supplies the heat energy through compression. This is because they perform dissimilar work due to the difference in the sources of energy. It can be noticed from Table 4 that not all the configurations required the external heat supply by the steam to boil up the bottom column outlet stream. This means that the application of the steam energy is only necessary in the BC, TVR, SHE, and IHC. Although the steam energy is required in these advanced distillation arrangements, their energy requirements are still lower than the BC.
Among the configurations, TVR gives the highest steam energy requirement when compared with the BC. The least heating energy saving in TVR is caused by the employment of the steam for compression purpose to heat or boil the stream. This is different from the other configurations where the compressor(s) has been applied to promote the energy content of the streams through compression. However, the upgraded energy content of the steam by the ejector, before it is applied for use in the heat exchanger, can reduce the energy requirement. It is then followed by IHC and SHE. For other alternatives, which are VC, MVR, BF, SHR, and MSHR, the elimination of the reboiler from their designs enables the heating duty savings of 100% to be achieved with respect to the BC.
The results of the annual operating cost and the cost saving are presented in Table 5 . From the table, it can be observed that all of the annual operating costs for the retrofit options are lower than the BC ($1,992,300 per year). The alternative which gives the lowest annual operating cost is MVR ($635,280 per year). It achieves a substantial savings of 68.11% when compared with the BC. This is because MVR has the lowest cooling duty (3.80 MW) and compressor duty (2.82 MW) with no reboiler in its configuration. The operating cost of VC is slightly higher than that of the MVR, which is $664,380 per year, with a reduction of 66.65% compared to the conventional column.
MSHR configuration shows the third higher operating cost, with $716,760 per year or a saving of 64.02% with respect to the BC. It is then followed by BF, SHR, SHE. IHC, and finally TVR at their corresponding energy cost savings of 62.88%, 55.85%, 54.23%, 39.54%, and 12.41%. As observed in Table 4 , the configurations without the steam as the heating duty have lower annual operating costs. The presented results show that the IHC and the SHE with the reboilers included in their configurations have higher operating costs. This denotes that the minimization or elimination of the steam as the heat source would be advantageous in the distillation system design. Although there is no reboiler in TVR configuration, the reason of its highest annual operating cost among the alternatives is due to the large amount of steam used to compress the stream through ejector.
Conclusion
This study analyzed and compared various HPAD and SHRT configurations to determine the best alternative in term of cost saving. Eight configurations were selected and analyzed using Aspen HYSYS. Using the conventional distillation column as the basis, the energy saving and the operating cost of the proposed alternatives were compared with each other. The depropanizer used in typical NGL process was chosen as the case study in this research. From the study, all of the alternatives showed that they can reduce the annual operating cost, ranging from 12.41% to 68.11% as compared to the BC conventional column. Among these alternatives, the MVR which removed the reboiler from its process emerged to be the best energy-saving configuration with annual operating cost of $635,280, or a reduction of 68.11% in energy cost with respect to the BC. 
